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Metal-halide perovskites offer great potentials for realization of low-cost and flexible next-
generation solar cells. Low-temperature processed organic hole transporting layers (HTMs) 
play important roles in advancing device efficiencies and stabilities, and can be excellent 
candidates for recombination interlayers in perovskite-perovskite tandem cells. Towards 
scaling up of perovskite solar cells, low-cost and stable HTMs are highly desired. Here, we 
report a new group of aniline-based enamine hole transporting materials synthesized via one 
step procedure, without the use of transition metal catalyst, from very common and 
inexpensive aniline precursor. The palladium-free procedure further allows a much simplified 
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material purification. As a consequence, the whole synthesis and purification procedure is 
greatly simplified and streamlined. Perovskite solar cells using an enamine V1091 HTM 
exhibit a champion power conversion efficiency of over 20%. Importantly, the unsealed 
devices with V1091 remain 96% of its original efficiency after stored in ambient air with a 
relative humidity of 45% for over 800 hours, while the devices using the archetype spiro-
OMeTAD dropped down to 42% of its original efficiency after aging. The low cost, efficient 
and stable advantages make this new group of HTMs strong candidates for perovskite solar 
cell mass production. 
 
 
During the past several years perovskite solar cell (PSC) technology has evolved from a 
scientific curiosity to a major research subject in the field of photovoltaics. In that short 
period of time they have gained recognition as one of the most promising photovoltaic 
technologies and managed to demonstrate remarkable achievements in the power conver sion 
efficiency (PCE) exceeding 22%[1] and rivalling other thin-film technologies as well as silicon 
photovoltaic devices.[2] The remarkable device performances can be attributed to excellent 
optoelectronic properties of metal halide perovskites, such as low exciton binding energy,[3] 
high charge carrier mobility,[4,5] high absorption coefficient[6,7] and long carrier diffusion 
length.[8,9] To date, most of the high efficiency negative(n)- intrinsic(i)-positive(p) structured 
perovskite solar cells are based on either 2,2´,7,7´-tetrakis(N,N-di-p-methoxy-phenylamine)-
9-9´-spirobifluorene (spiro-OMeTAD) or poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 
(PTAA) hole-transporting materials (HTMs), both of which are very expensive.[10-12] The 
generated high cost is mainly due to the following reasons: (i) multi-step synthesis; (ii) 
complicated purification procedures[13]; (iii) sublimation steps for purification and (iv) use of 
transition metal catalysts. For step iv, tiny amount of the catalysts, i.e., palladium, would 
remain in the grained HTMs, which may serve as traps that deteriorating the charge-
transporting properties of the synthesized HTMs and result in poor device performance.[14, 15] 
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To remove the catalyst residue, sophisticated purification procedures, such as sublimation or 
repeated column chromatography, are typically required, which would greatly reduce the 
material yield and therefore further increase the final costs.  
Aniline, as one of the most basic and widely used precursors in chemical industry, has 
been used in synthesis of numerous chemicals and is extremely cheap and produced on a vast 
scale (over 7 million tons/year).[16] Use of such a low cost and readily available reagent as a 
starting material could be beneficial from both practical and commercial points of view.  
Herein, we synthesize emamine-based HTMs using aniline precursors and further adopt a 
cost-effective single step, transition-metal-catalysts- free route which we established 
previously.[17] We demonstrate that perovskite solar cells with the synthesized HTMs exhibit 
comparable high efficiencies and greatly enhanced ambient-air stability in contrast to the cells 
with the state-of-art spiro-OMeTAD HTM. 
We synthesize the HTMs from inexpensive commercially available aniline precursor 
which has reacted with 2,2-bis(4-methoxyphenyl)acetaldehyde in the presence of 
(+/˗)camphor sulfonic acid (CSA). Depending on the ration of the reagents enamines with two 
(V1092) or three (V1091) diphenylethenyl groups have been isolated (Scheme 1a). 
Additionally, aniline derivative with methoxy group in para-position (V1056) and 3,5-
dimethyl substituted analogue (V1102) were also used for the synthesis (Scheme 1b). 
Methoxy group serves as additional donor and also blocks the para-position of the phenyl 
ring, while 3,5-dimethyaniline was chosen due to beneficial influence of the 3,5-dimethyl 
groups on device performance in previous research.[18] Different from the conventional HTMs 
used in PSCs,[19] synthesis of these enamines does not require transition metal catalysts and 
therefore the unwanted catalysts-residual- induced recombination[20–22] that reducing ultimate 
photovoltaic performance is no longer a major concern. By excluding above mentioned 
catalysts, purification of the HTMs is largely simplified and oftentimes a basic crystallization 
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is sufficient. Detailed synthesis procedure and analysis can be found in the Supporting 
Information (SI). 
 
 
Scheme 1. A single-step synthesis of the HTMs: V1091, V1092 (a); V1056, V1102 (b). 
Materials cost estimations for the synthesis of V1056 and V1091 have been performed 
following the procedure established by Osedach et al. (Table S1 and S2).23 We estimate the 
material cost for V1091 is ~16 $ g-1 and ~8 $ g-1 for V1056 which is less than 1/5 of the cost 
of the reference spiro-OMeTAD (~92 $ g-1).24 
To examine the thermal stability of the target materials, we applied thermogravimetric 
(TGA) measurement as we show the data in Figure 1 and give full characteristics in Table 1.  
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We found that all HTM molecules exhibit excellent thermal stability. Very interestingly, we 
also observe a rapid weight loss during TGA experiments, which indicates that the HTMs 
undergo sublimation rather than thermal decomposition. This suggests that the HTMs could 
also be processed by vacuum process which would further widen its applications. 
Differential scanning calorimetry (DSC) analysis demonstrated that smaller molecules 
with two diphenylethenyl fragments (V1056 and V1092) have stronger tendency to crystallize 
compared with larger analogues with three diphenylethenyl fragments (V1091 and V1102). 
Aniline derivative V1092 is a crystalline material with a relatively high melting temperature 
(Tm) of 251 °C (Figure 1b); during second heating glass transition (Tg)  is observed at 80 °C 
followed by recrystallization at 129 °C. Additional methoxy functional group in V1056 
introduces a certain degree of disorder into the molecule and lowers the melting temperature 
considerably to 190 °C. It also contributes to the stability of the amorphous state; the material 
no longer crystallizes during second heating and only Tg at 78 °C is observed (Figure 1c). The 
third diphenylethenyl moiety in para-position of the phenyl ring in V1091 even further 
hampers crystallization and molecule becomes fully amorphous, it also adds some additional 
structural bulk, increasing Tg to 109 °C (Figure 1d). Similar picture is observed for V1102, 
although, glass transition temperature is lower, most likely methyl groups at 3,5-positions of 
the phenyl ring contribute to the sterical hindrance of the molecule. 
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Figure 1. (a) TGA heating curve of V1056 (heating rate 10 K min-1). DSC heating curves of 
V1092 (b), V1056 (c), V1091 (d) (heating and cooling rate 10 K min-1). 
 
The ultraviolet-visible (UV-vis) absorption spectra of the aniline-based enamines 
containing two diphenylethenyl groups (V1056, V1092) are batochromically shifted by ~50 
nm compared with unsubstituted aniline (Figure 2a). Methoxy group in V1056 provides a 
negligible effect on the size of the -conjugated system. A third diphenylethenyl group in 
V1091, however, noticeably increases its size, resulting in a ~50 nm batochromic shift. This 
confirms that the amine condensation with 2,2-bis(4-methoxy-phenyl)acetaldehyde offers a 
simple route towards enlarged conjugated system. In fact, the sizes of the -conjugated 
system of the spiro-OMeTAD and trisubstituted aniline V1091 are similar. With the addition 
of the methyl groups in 3,5-positions of the phenyl ring, V1102 shows significant changes in 
the overall size of the -conjugated system as compared with V1091, resulting a 
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hypsochromic shift of 14 nm. Most likely steric hindrance at 4-position of the phenyl ring is 
increased by the presence of the methyl groups at 3,5-positions, as a consequence 
diphenylethenyl moiety becomes more twisted out of the plane. 
Table 1. Thermal properties of synthesized HTMs and spiro-OMeTAD. 
HTM  Tm [ºC] Trecr [ºC] Tg [ºC]
a) Tdec [ºC] 
V1056 190 – 78 334 
V1091 – – 109 388 
V1092 251 129 80 310 
V1102 – – 96 375 
spiro-
OMeTAD 
245 – 126 449 
a) Determined by DSC: scan rate, 10 K min-1; N2 atmosphere; second run. 
 
Photoelectron spectroscopy in air (PESA) method was used to measure ionization potentials 
(Ip) of the investigated HTMs (Figure S5, Table 2). Aniline derivative containing two 
diphenylethenyl groups (V1092) exhibits the highest ionization energy among all HTMs 
investigated in the current publication. Additional electron donating dipheneylethenyl 
(V1091) or methoxy (V1056) group lowers Ip of the HTM by ~0.1 eV. With the addition of 
methyl groups at 3,5-positions of the phenyl ring in V1102, we observe negligible changes in 
ionization energy. On the whole, the investigated HTMs show slightly higher ionization 
energy than spiro-OMeTAD, but still suitable for the hole extraction in perovskite solar 
cells.[2] 
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Figure 2. (a) UV–vis absorption spectra of V1056, V1091, V1092, V1102 and spiro-
OMeTAD in THF (c = 10−4 M). (b) Electric- field dependencies of the hole drift mobilities in 
films of V1056, V1091, and V1102. 
Table 2. UV-vis absorbance, Ip and hole mobility investigated HTMs and spiro-OMeTAD. 
ID  λmaxabs  
[nm] 
Ip [eV] μ0,  
[cm2 V–1 s–1] a) 
μ,  
[cm2 V–1 s–1] b) 
α,  
[cm1/2 V–1/2] 
V1056 333, 384 5.19 1.3×10-5 7.8×10-4 0.0041 
V1091 381 5.17 2.8×10-5 1.7×10-2 0.0046 
V1092 331, 370 5.30 – – – 
V1102 367 5.16 1.6×10-6 1.5×10-4 0.0064 
spiro-
OMeTAD 
387 5.00 4.1×10-5 5.0×10-4 0.0031 
a) Mobility value at zero field strength; b) Mobility value at 6.4×105 V cm–1 field strength; c) 
Poole–Frenkel parameter (α). 
 
Charge transport properties of the investigated HTMs were measured using xerographic 
time-of-flight (XTOF) technique (Figure 2b) and we show the results in Table 2. V1056, with 
methoxy group at para-position of a phenyl ring, shows a similar hole mobility as compared 
to spiro-OMeTAD. In contrast, V1091, containing three diphenylethenyl moieties, displays 
significantly better hole drift mobilities at high electric fields. Addition of the methyl groups 
at 3,5-positions of the phenyl ring in V1102 results in reduced charge mobility.  
       To study influence of the methyl groups on the geometry of the V1102, molecular 
geometries of V1091 and V1102 were optimized via density functional theory (DFT) 
calculations with B3LYP/def2-SVP (vacuum) level of theory. Dihedral angle between phenyl 
plane of aniline and double bond increased from 24.6° in V1091 to 58.6° in V1102 after 
addition of two methyl groups (Figure 3). Generally, increased 3D structural complexity of 
organic molecules, i.e. decreased planarity, would disturb intermolecular   packing and 
leads to difficulties in intermolecular charge carrier hopping.[25-27] We therefore observed 
decreased mobility in the V1102 as compared to V1091. This is also in good agreement with 
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the DSC results where we observed a higher glass transition temperature for the V1091 than 
the V1102. Furthermore, from highest occupied molecular orbital (HOMO) of the 
corresponding molecules (Figure 3), we see that a lower planarity hinders delocalization of 
the electrons in V1102 over double bond and results in a smaller -conjugated system as 
compared to the V1091. Therefore, we would expect a smaller absorption coefficient for the 
V1102 than that for the V1091. This is consistent with the UV-vis absorption measurement 
(Figure 2a).  
 
Figure 3. Optimized geometries of the V1091 (a) and V1102 (b). HOMO molecular orbitals 
of the V1091 (c) and V1102 (d). 
 
The materials were tested as a HTM in planar heterojunction perovskite solar cells (with a 
device structure: fluorine doped tin oxide (FTO)/SnO2/perovskite/HTM/Au). A mixed-cation 
lead mixed-halide FA0.87Cs0.13Pb(I0.87Br0.13)3 perovskite was adopted as a photoactive layer.[28, 
29] The current density-voltage (J-V) characteristics were measured under a simulated AM 1.5 
G (100 mW cm-2) sunlight and results are presented in Figure 4a and Table 3, while device 
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statistics can be seen in Figure S6. As determined from the forward bias (FB) to short-circuit 
(SC) current-voltage scan, the device using the V1102 and V1056 show a champion 
efficiency of 17.6% and 18.7%, respectively, which is slightly lower than the PCE of 20.2% 
for the control device using the spiro-OMeTAD. In contrast, the PSC using V1091 exhibits a 
high efficiency of 20.2% with a Jsc of 22.5 mA cm-2, a Voc of 1.11 V and a FF of 0.81. The 
devices containing investigated HTMs showed very similar external quantum efficiency (EQE) 
spectra to that of the spiro-OMeTAD device (Figure 4b), which is consistent with the similar 
Jsc observed in the J-V scans. Due to the hysteretic behavior of perovskite solar cells, a 
stabilized efficiency measurement was performed to accurately access the performance of the 
PSC (Figure 4c). By holding the cells at a fixed maximum power point forward bias voltage, 
we measure the stabilized power output (SPO) over time, achieving a stabilized efficiency of 
19.8% for the control device and 18.4% for the V1091 device. On the whole, PSC containing 
V1091 and spiro-OMeTAD show comparable performance. 
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Figure 4. (a) J-V characteristics of the best performing PSC devices using investigated HTMs 
and spiro-OMeTAD as hole transporting materials. (b) EQE spectra as a function of the 
wavelength of monochromatic light (c). stabilized power output over time of the devices 
containing investigated HTMs and spiro-OMeTAD. (d) Decay of stabilized efficiency of 
devices with spiro-OMeTAD (navy) and V1091 (red) hole transporting layer. The device 
structure is FTO/SnO2/perovskite/HTM/Au. The devices are in ambient air with a relative 
humidity of ~ 45% under dark conditions without encapsulation. 
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To access device stability using the HTMs, we aged non-encapsulated high efficiency devices 
with the V1091 and spiro-OMeTAD hole transporting layers in ambient air with a relative 
humidity of ~ 45% under dark conditions and measured under an AM 1.5 G solar simulator at 
different time intervals, the decay of the SPO is shown in Figure 4d. The V1091 device 
showed superior stability sustaining 96% of its original efficiency after 820 h. In contrast, the 
SPO of the control device dropped to 42% after aging. The Li-TFSI was used as a dopant for 
both the V1091 and spiro-OMeTAD. Previous studies observed that devices using the Li-
TFSI doped spiro-OMeTAD show moisture instability due to the hygroscopic nature of Li-
TFSI,[30, 31] which can be the reason for the observed fast decay of efficiency in the control 
device. Surprisingly, the V1091 molecule seems to specifically resist this Li-TFSI- induced 
degradation. To better understand the stability enhancement, we measured the UV-vis 
absorption spectra of the HTMs in solutions and thin films, as we show the results in Figure 
S7. Generally, the molecules in solution do not have a particular packing, which is random. 
For V1091, we observe a bathochromic shift of absorption maximum and broadening of the 
spectrum when comparing the thin films with the solution, which is indicative of aggregate 
formation in the film.[32-34] In contrast, we do not see noticeable change in the spectra of spiro-
OMeTAD solution and thin films, suggesting its random molecular packing in the thin film 
(Figure S8). Furthermore, we carried out contact angle (θ) measurement to assess the 
hydrophobicity of the HTMs (Figure S9). We do not see an obvious change in θ between the 
pristine (undoped) spiro-OMeTAD and V1091 films. However, we surprisingly discover that 
with the addition of Li-TFSI and tBP dopants, the V1091 film displays a clearly more 
hydrophobic surface with a θ of 71.2° than the spiro-OMeTAD film with a θ of 65.4°. Both of 
the improved molecular packing and a more hydrophobic surface for the V1091 film would 
retard the ambient moisture ingression, which directly contributed to the improved stability. 
Table 3. Summary of solar cell characteristics. 
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ID   Jsc 
 [mA cm-2] 
Voc [V] FF PCE [%] 
spiro-
OMeTAD 
Average 22.6±0.24 1.11±0.03 0.75±0.03 18.4±1.0 
Champion 22.6 1.12 0.80 20.2 
V1091 Average 22.0±0.27 1.11±0.05 0.77±0.03 17.0±2.5 
Champion 22.5 1.11 0.81 20.2 
V1102 Average 22.0±0.64 1.05±0.07 0.59±0.06 13.5±2.5 
Champion 22.7 1.13 0.68 17.6 
V1056 Average 22.1±0.15 1.03±0.03 0.78±0.05 17.5±1.2 
Champion 22.1 1.07 0.79 18.7 
 
In conclusion, we have developed a new group of aniline-based HTMs obtainable via one-
step synthetic procedure from low-cost aniline starting materials without use of expensive and 
problematic oraganometallic catalysts. The material costs have been greatly reduced to less 
than 1/5 of that for spiro-OMeTAD. Perovskite solar cells using these cheap HTMs show 
comparable efficiency to the cells using the expensive spiro-OMeTAD HTM. Importantly, 
perovskite solar cells using enamine V1091 shows significantly enhanced ambient stability in 
contrast to the cells using spiro-OMeTAD. The cost-effective, efficient and stable aniline-
based enamines offer great opportunities for up-scaling perovskite solar cells. Furthermore, 
these materials can be processed via both solution and vacuum processes, which we believe 
would open up possibilities for the interlayers for large-area perovskite-perovskite tandem 
cells as well as many other optolelectronic device applications. 
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A new group of aniline-based enamine hole transporting materials is synthesized, 
characterized and tested in perovskite solar cells, yielding champion power conversion 
efficiency over 20%. The investigated materials are obtained via one step synthesis procedure, 
without the use of transition metal catalyst, from very common and inexpensive precursor– 
aniline. 
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